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Nitrate reductase is the rate-limiting enzyme of the nitrate assimilatory pathway, 
and it catalyzes the reduction of nitrate to nitrite in many species of fungi, algae, and 
higher plants. Using a 1.1 kb partial soybean cDNA as a probe, a 2.6 kb nitrate reductase 
sequence was isolated from a soybean genomic library. This sequence, termed BCNR-A 
(GenBank #AF022780), is 99% identical at both the nucleotide and amino acid levels to 
the published cDNA sequence iNR2 (GenBank #Ul3987). Although BCNR-A is a 
genomic clone, it has an apparent lack of introns. In other higher plants, all full-length 
genomic sequences for this enzyme have included intronic sequences; this suggests that 
BCNR-A is possibly a retrosequence. Additionally, the differences seen between BCNR-
A and iNR2 raises questions about the number of genes that code for nitrate reductase in 




Plant growth depends, in part, on the nutrients in the soil. With the exception of 
water, nitrogen is the most frequently encountered limiting factor in crop production. In 
fact, nitrogen constitutes approximately one to five percent of the dry weight of most plant 
material (Rendig et al., 1989). Plants acquire nitrogen by a process of nitrate assimilation, 
whereby inorganic nitrogen, in the form of nitrate, is converted to organic nitrogen, in the 
form of amino acids. In this way, approximately 2 x 1010 tons of nitrogen are fixed 
annually into plant material (Guerrero et al., 1981). However, the process itself is 
extremely energy inefficient. The ultimate objective of this work is to increase the 
synthesis of the rate-limiting enzyme of the nitrate assimilatory pathway, NR, in hopes of 
generating a more efficient process. 
Successful completion of this objective has several benefits. First, it has economic 
advantages. Traditionally, attempts have been made to optimize the soil instead of the 
plant. At present, fertilizer production is equal to one percent of global energy 
consumption per year. Overfertilization misdirects nutrients and causes growth of 
unwanted aquatic plants that clog irrigation and drainage structures, which further 
1 
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increases maintenance expenses. Clearly, a reduction in our dependence on nitrogenous 
fertilizer results in a reduction of overall cost. 
Second, it has an impact on the environment. Forty million tons of nitrogen 
fertilizer are used worldwide annually. The chemical fixation process required to produce 
this fertilizer increases atmospheric nitrous oxide (N20 ), a "greenhouse,, gas that traps 
reflected sunlight and may cause global warming. The acidification of the soil that occurs 
through the harvesting of plants is intensified by the use of acid-forming nitrogenous 
fertilizers, which must be corrected by regular liming. Also, overfertilization causes 
leaching of nitrate from the topsoil and into surface and ground water (Barber et al., 
1995) and eventually contaminates drinking water (Abrol et al., 1990). These excess 
nitrates and nitrites can poison both humans and livestock. In addition, the increase in 
growth of algae and other aquatic plants is a possible cause of eutrophication of water 
bodies as well as the premature death of fish. Moreover, overfertilization may kill some 
plants and inhibit the growth of remaining ones. For example, excessive nitrogen impairs 
the quality of tobacco, causes a shriveling of small grain plants, and makes barley less 
suitable for malting. A more efficient process of nitrogen acquisition would generate 
lesser amounts of misplaced additives that could potentially pollute the ecosystem. 
Third, a more efficient pathway plays a role in alleviating world hunger. The 
human population is expected to double in the next fifty years. By producing edible plants 
with a higher protein content, dietary deprivation of organic nitrogen can be prevented, 
which would otherwise lead to malnutrition in both humans and animals. 
Soybean is an ideal candidate for this genetic enhancement. It is the most 
nutritious and most easily digested food of the bean family, as well as one of the richest 
and most inexpensive sources of protein. About two pounds of soy flour contain as much 
protein as five pounds of meat. In the United States, which leads the world in the 
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Figure 1. Various products derived from soybean. A soybean seed contains 17% oil and 
63% meal (50% of which is protein). 
x 106 tons), soybean is the third most important crop, following com and wheat. Widely 
cultivable, soybean is grown for many uses (Figure 1). The soybean is not only a staple in 
the diet of humans in numerous parts of the world but also in the diet of animals as well; in 
fact, 98% of the U. S. crop is used for livestock feed. 
The goal of this work is to isolate, clone, and sequence genomic soybean DNA 
that codes for NR. Comparison of this new sequence with established NR sequences of 
other higher plants may help identify an NR promoter region of Glycine max. This would 
represent a first step toward accomplishing the overall objective in that study of the 
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promoter will provide new information on the regulation of gene expression for the key 
enzyme of the nitrate assimilatory pathway. 
CHAPTER II 
LITERATURE REVIEW 
The assimilation of nutrients into higher plants is a complex process. This 
discussion will focus on aspects of nitrate assimilation into soybean (Glycine max). 
Nitrogen Availability.. Uptake, and Utilization 
Higher plants must have access to certain soil elements in order to meet their 
essential mineral nutrient needs. These include nitrogen, phosphorus, potassium, sulfur, 
calcium, magnesium, iron, zinc, manganese, copper, molybdenum, boron, and chlorine. 
Nitrogen (N) is generally required in the greatest amounts, typically accounting for 1 % -
5% of plant dry matter. In nature, N becomes available to the plant by means of the 
nitrogen cycle (Figure 2). 
N2 comprises nearly 80% of our atmosphere, but is unusable in this form to most 
organisms. Through a series of microbial transformations, N is made available to plants, 
although some is lost to erosion, leaching, and microbial consumption. The steps of the 
nitrogen cycle, which are not altogether sequential, fall into the following stages: nitrogen 
fixation, nitrogen assimilation, ammonification, nitrification, and denitrification. 
Leguminous plants like soybean are provided with another source of N via their 
specific symbiosis with nitrogen-fixing bacteria of the species Rhizobia. R. japonicum, R. 
fredii, and most recently observed, R. meliloti (Gao et al., 1995), associate" with the 
5 
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Figure 2. The nitrogen cycle. (Barber et al., 1995) 
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base of the soybean root hair through a tubular infection thread, where they penetrate into 
the root cortex and form nodules that restrict oxygen. Here, they fix Ni into ammonium 
(NIL+) that is immediately available to the plant, although most of the compound leaks 
from the nodules and is converted to nitrate (N03 -) by the action of the surrounding 
nitrifying soil microorganisms. 
NQ3- is the principal form ofN that most plants utilize in native or cultivated soils. 
It is the predominant form in most soils except where conditions limit nitrification. Almost 
all nutrients absorbed by plants are in their inorganic form; any organic forms of nutrients 
are usually mineralized to the inorganic form before absorption through the root system. 
However, nutrients are not absorbed according to their ratios in the soil; uptake is a 
selective process. The energy that drives N03 - uptake comes from a proton gradient 
maintained across the plasma membrane, which causes nitrate transporter (Ntr) proteins to 
cotransport two or more protons into the cell with every N~ - ion acquired. Normally, 
variations in environmental factors, such as nitrate concentrations, do not disturb steady-
state concentrations of nitrate in the roots or shoots. 
After N03 - enters the cytoplasm of the plant cell, it undergoes a two electron 
reduction to nitrite (N02-) catalyzed by nitrate reductase (NR) (Figure 3). This reaction 
requires a pyridine nucleotide, NADH or NADPH, as the electron donor. N02- is then 
transported to the chloroplast where it undergoes a six electron reduction to NRi + 
catalyzed by nitrite reductase (NiR}, which uses ferredoxin as an electron donor. The 
8 
NHi + is immediately joined with a carbon skeleton to produce the amino acid glutamate 
(Glu) in reactions catalyzed by the enzymes glutamine synthetase (GS) and glutamate 
synthase (GOGAT). The majority of N acquisition from the biosphere occurs by this 
pathway, which converts inorganic N to organic N. In fact, nitrate assimilation accounts 
for twice the amount that is obtained through the process of biological fixation of N2 
(Bums and Hardy, 1975). 
NR NiR GS/GOGAT 
2e- 6e-
N03- N02- Glu 
NADH ferredoxin 
orNADPH 
Figure 3. The nitrate assimilation pathway. 
The first reaction of the pathway is considered the rate-limiting step of nitrate 
assimilation (Campbell and Smarrelli, 1986). Since the entire process is energetically 
expensive, both NR and NiR are highly regulated (Guerrero et al., 1981; Campbell et al., 
1989; Mohr et al., 1992). NIR is typically present in much greater amounts than NR in 
many different cells and tissues. This is not surprising, since nitrite accumulation is toxic 
and mutagenic to cells. Glutamate is further converted into other amino acids, which 
subsequently combine to produce proteins. While the largest share of N is incorporated 
into the amino acids and peptide bonds of proteins, it is also involved in the formation of 
other major cellular components, such as nucleic acids. 
Theoretically, increasing the total amount ofN that enters a plant could be brought 
about in several ways. The N1 supply could be further tapped by genetically altering 
Rhizobium strains either to make them more efficient and aggressive symbionts or to move 
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their Ni-fixing genes directly into a plant. A second approach is to increase the rate at 
which transporter activity occurs in high concentrations of N03 - so that fertilizer can be 
taken up before leaching or, more likely, before denitrification occurs. Conversely, an 
increase in the affinity of the uptake system of crop plants would take up more NQ3- when 
less fertilizer is used. Both N03 - availability and NR activity have been found to be 
limiting factors for the general growth and development of field crops. Since NR has 
proven to be the rate-limiting step for the assimilation pathway, it is a probable point of 
regulation for the whole process of N conversion, which makes an increase in uptake 
affinity the most attractive research option. In fact, overexpressed NR genes in transgenic 
Arabidopsis resulted in an increase in NR activity as well as in increases in both protein 
content and biomass production (Nejidat et al, 1996). 
Isoforms ofNitrate Reductase 
In eukaryotic organisms, three types of NRs have been characterized based on 
their electron donors. Most higher plants and some algae contain a nitrate-inducible 
NADH-specific NR (E.C. 1.6.6.1). An NAD(P)H-bispecific NR (E.C. 1.6.6.2) has been 
identified in maize, rice, barley, and birch (Redinbaugh and Campbell, 1981; Kleinhofs et 
al., 1988; Friemann et al., 1991). The third type is NADPH-specific (E.C. 1.6.6.3), and 
has only been found in fungi (Pan and Nason, 1978). The type, number, and tissue-
specificity of the isoform(s) differ among plant species. 
Using affinity chromatography, three different forms ofNR in soybean (Table 1) 
were identified (Cathala et al., 1992; Streit et al., 1985; Streit et al., 1987). One form is 
the N03- inducible, NADH-specific NR (iNR) that has a pH optimum of7.5. Since the 
two other forms ( c1NR and c2NR) were isolated from wild-type plants grown on urea as 
10 
isoform E.C. number N03- optimum pH e· donor 
iNR 1.6.6.1 + 7.5 NADH 
C1NR 1.6.6.2 - 6.5 NAD(P)H 
C2NR none assigned - 6.5 NADH 
Table 1. The three isoforms of NR in soybean; denotes inducible and c denotes 
constitutive. 
the sole N source (Streit et al., 1985), they are termed constitutive. The c1NR isoform 
prefers NADPH as its electron donor, while the c2NR form uses NADH. However, both 
isoforms have the same pH optimum of 6.5. Currently, the presence of all three isoforms 
has not been detected in any other plant species and is therefore unique to soybean. 
The role of these multiple isoforms in soybean is unknown. Oaks et al. (1990) 
suggest that the cultivation of crops has forced a selection for the inducible isoform, but 
they have no explanation for the continued presence of the cNR components. While c1NR 
in soybean appears to constitute about 12% - 20% of the total NR activity (Jolly et al., 
1976), the inducible isoform appears to be the major component ofNR activity (Wu et al., 
1995). In fact, the absence of the constitutive isoforms does not seem to impede normal 
N03- utilization. Mutant nrl has only the inducible form, iNR. Mutants LNR5 and LNR6 
have the inducible isoform, iNR, and one constitutive isoform, c1NR, but not the second 
constitutive isoform, c2NR (Ryan et al., 1983; Streit et al., 1986). 
Protein Structure of Nitrate Reductase 
NR is a complex, soluble, cytoplasmic enzyme. In higher plants, it is found as a 
















Figure 4. Structural model for higher plant NR, based on data collected for the prosthetic 
group content of squash NADH:NR. FAD, cyt. b, and Mo-pterin are the three prosthetic 
groups. NADH is depicted at the C-terminus, while N03- is depicted at the N-terminus 
(Abrol, 1990). 
distinct domains, and these domains are linked by two exposed 20 - 30 amino acid hinge 
regions (Figure 4). 
These hinge regions are susceptible to mild proteolytic cleavage (Kubo et al., 
1988) and also contain a higher concentration of hydrophilic residues. In addition, the 
sequences of the hinge regions are much less conserved than that of the domains, and the 
extensive identity found among NR domains suggests that the protein evolved by fusions 
of ancestral genes encoding monoredox center proteins (Crawford et al., 1988; Guiard 
and Lederer, 1979). Functional domains were therefore defined by amino acid sequence 
comparison to mammalian and yeast enzymes and proteins (Campbell and Kinghorn, 
1990) as well as proteolytic degradation analysis of native NR to fragments with partial 
enzymatic activities (Solomonson and Barber, 1989). The three domains are three 
different functionally independent prosthetic groups: molybdenum, heme, and FAD. 
The N-terminus of the NR protein is the molybdenum domain, which has a length 
of 490 amino acids. NR belongs to a family of proteins called molybdenum hydroxylases 
and requires a molybdenum cofactor (MoCo) for catalytic activity. It also shares a 40% 
12 
amino acid identity with chicken liver sulfite oxidase. MoCo is a substituted pterin group 
(termed molybdopterin) with molybdenum bound through two sulfur ligands (Kramer et 
al., 1987). Hoff et. al (1992) found three conserved cysteines in higher NRs, and they are 
presumed to be involved in the interchain disulfide linkages that stabilize the dimeric 
structure of NR (Hyde et al., 1989). The first 70 - I 00 amino acids of the N-terminus 
show reduced identity and are believed responsible for secondary structure. 
The central region of the NR protein is the heme-Fe binding (iron-heme) domain, 
which has a length of 75 amino acids. NR belongs to the superfamily of cytochrome bs-
like proteins, with which it shares a 32% - 48% amino acid identity. Members of this 
family have a characteristic fold to accommodate the heme cofactor (Guiard and Lederer, 
1979). Two histidine residues are conserved in all known NR sequences and are 
presumed to be involved in actual binding of the heme group (Mathews et al., 1971). In 
tobacco mutants (Meyer. 1991 }, a single base change led to the replacement of one of 
these histidines with an asparagine. While the mutants still incorporated heme, they did so 
with lower stoichiometry. 
The C-terminus of the NR protein is the flavin adenine dinucleotide (FAD) 
domain, which has a length of approximately 260 amino acids. It has binding sites for the 
pyridine nucleotide (NADH/NADPH) and the FAD cofactor. NR shares 47% amino acid 
identity with the FAD domain of mammalian cytochrome bs reductase, but no significant 
identity to other flavoenzymes. Although the FAD binding domain is less conserved than 
the other two domains, conservation of some amino acids occurs within the active site of 
13 
NADH-binding. In cytochrome bs reductase, a lysine and cysteine residue play an 
essential role (Hackett et al., 1986). In spinach NR, the active site includes lysine and 
arginine, as well as cysteine (Shiraishi et al., 1992). 
A model has been suggested that depicts NR as a multiredox-center protein that 
acts as a mini-electron transport chain: accepting equivalents from a pyridine nucleotide at 
the first binding site, passing them internally through the heme group, and finally giving 
them up to reduce N03 - at the second binding site in the molybdopterin domain (Kubo et 
al., 1988). NR has two site, ping-pong, steady-state kinetics. The enzyme "pings and 
pongs,, between the oxidized and reduced forms, as NADH/NAD binds at the electron 
donor active site and nitrate/nitrite binds at the electron acceptor site. Transfer of the 
electron from the heme domain to the MoCo domain is suspected to be the rate-limiting 
step in catalysis (Cannons and Solomonson, 1994). Unfortunately, the complete three-
dimensional structure of NR is unknown. The enzyme's complex structure and large size 
are presumed to have prevented it from being successfully crystallized and analyzed by x-
ray diffraction (Campbell, 1996). However, recombinant expression studies are presently 
in progress in an attempt to provide the large amounts needed for structural analysis. 
Gene Structure of Nitrate Reductase 
In recent years, NR gene sequences have been elucidated from many species of 
higher plants. The number ofNR genes varies among different genomes (Figure 5). Most 
14 
plants contain an NADH-specific NR (E.C. 1.6.6.1), whereas only a limited number of 
plants have an NADH(P)H-bispecific NR (E.C. 1.6.6.2). 
The NR protein is encoded in linear order with the MoCo region at the N-terminal, 
the heme region in the middle, and the FAD region at the C-terminal. The majority of NR 
genes are organized into four exons and three introns, but NR genes can have between 
one and four introns at conserved positions (Table 2). For the most part, introns interrupt 
the MoCo domain, although there is one exception: one gene of Phaseo/us vulgaris 
contains a fourth intron that appears to separate the heme and hinge 2 domains. 
It has also been proposed that NR genes in a common ancestor of algae and higher 
plants may have had a larger set of introns that were subsequently lost during evolution 
(Zhou and Kleinhofs, 1996). Introns found in eukaryotic NR genes do not necessarily 
divide the coding sequence into exons representing the functional domains of the enzyme 
(Figure 6). While the exact boundaries for different functional domains are unknown, it is 
clear that most introns are within and not between the functional domains (Zhou and 
Kleinhofs, 1996). 
15 
Figure 5. GenBank accession numbers and literature references for NR sequences of 
higher plants. NADPH: NR (E.C. 1.6.6.3) is not listed here, as it has only been found in 
fungi. Structural genes for NR are listed as nia, nial, and nia2; (ds) denotes direct 
submission to GenBank. 
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No. Gene Genus species Common Sea. GenBank References 
NADB: NR (E.C. 1.6.6.1) 
I. nial Arabidopsis thale cress DNA Zl9050 Wilkinson and Crawford, 1993 
2. thaliana · mRNA J03240 Crawford et al., 1988 
3. mRNA Xl3434 Cheng et al., 1988 
4. DNA Xl3436 Cheng et al., 1988 
5. Brassica napus rapeseed mRNA D38219 Fukuoka et al., 1996 
6. Hordeum vulgaris barley DNA X57845 Schnorr et al., 1991 
7. Zea mays maize mRNA M27821 Gowri and Campbell, 1989 
I. mRNA M77792 Campbell and Hyde, 1990 
9. Nicotiana tabacum tobacco DNA Xl4058 Vaucheret et al., l 989a 
10. Ory7.8 sativa rice DNA X15819 Choi et al., 1989 
11. DNA Xl5820 Choi et al., 1989 
12. Phaseolus vulgaris french bean DNA X53603 Hoff eta/., 1991 
13. nia2 Arabidopsis thale cress mRNA Xl3435 Cheng et al., 1988 
14. thaliana DNA S45384 Wilkinson and Crawford, 1991 
15. DNA S45385 Wilkinson and Crawford, 1991 
16. DNA S45386 Wilkinson and Crawford, 1991 
17. Brassica napus rapeseed mRNA 038220 Fukuoka et al., 1996 
18. Glycine max soybean mRNA Ul3987 Wu eta/., 1995 
19. Hordeum vulgaris barley mRNA X57844 Schnorr et al., 1991 
20. Nicotiana tabacum tobacco DNA Xl4059 Vaucheret et al., l 989b 
21. mRNA X06134 Cal7.8 et al., 1987 
22. Phaseolus vulgaris french bean DNA U01029 Jensen et al., 1994 
23. nia Avena strigosa small oat DNA IA0147 Zhou et al., 1995 
24. Cichorium intybus blue daisy mRNA X84102 Palms et al., 1995 (d.s.) 
25. DNA X84103 Palms et al., 1995 (d.s.) 
26. Cucurbita maxima squash mRNA M33154 Crawford et al., 1986 
27. Glycine max soybean mRNA L23853 Lu eta/., 1993 (d.s.) 
28. mRNA L23854 Wu et al., 1991 
29. mRNA L23855 Wu eta/., 1991 
30. Hordeum bogdanii barley DNA IA0148 Zhou et al., 1995 
31. Hordelllll chilense barley DNA IA0149 Zhou et al., 1995 
32. Hordelllll lechleri barley DNA IA0150 Zhou et al., 1995 
33. Lycopersicon esculentum tomato DNA Xl4060 Daniel-Vedele et al., 1989 
34. Lotus japonicus trefoil DNA X80670 Waterhouse eta/., 1994 (d.s.) 
35. Lotus tetragonolobus winged bean mRNA Ll6780 Wu et al., 1993 
36. Nicotiana pllllllbaginifolia tobacco mRNA S61885 Meyer et al., 1991 
37. Petunia hybrida petunia DNA L13691 Salanoubat and Ha, 1993 
38. DNA L11563 Salanoubat and Ha, 1993 
39. DNA U27320 De Greve, 1995 (d.s.) 
40. DNA U27321 De Greve, 1995 ( d. s.) 
41. Secale cereale rye DNA IA0154 Zhou et al., 1995 
42. Spinacia oleracea spinach mRNA M32600 Prosser and Lazarus, 1990 
43. mRNA U08029 Shiraishi et al., 1991 
44. DNA D86226 Tamura et al., 1996 
45. Solanum tuberosum potato mRNA U76701 Harris et al., 1996 (d.s.) 
NAD(P)B: NR (E.C. 1.6.6.2) 
46. Betula pendula white birch mRNA X54097 Friemann et al., 1991 
47. Hordeum vulgare barley DNA X60173 Miyazaki et al., 1991 
48. Zea mays maize mRNA X64446 Long et al., 1992 
49. DNA U20450 Campbell et al., f995 ( d.s.) 
17 
in tr on domain amino acid position NRgenes 
sequence 
I MoCo NAQ-AWW 321 - 326 1, 9, 10, 12, 14, 15, 
16, 20, 22, 25, 33, 34, 
37,44,47,49 
II MoCo AYS-GGG 368 - 373 1, 6, 9, 10, 12, 14, 15, 
16,20,22,23,25,31, 
33,34,37,44,47,49 
III MoCo NVM-GMM 446 -451 1, 9, 10, 11, 12, 20, 
22, 25, 33, 34, 37, 44, 
49 
IV heme-hinge TIT-CYN 592 -597 22 
2 
Table 2. Conserved intron positions of known higher plant NRs. The intron, of varying 
size, is inserted between the residues where the dash (-) appears. Position numbers 
correspond to BCNR-A as presented in Figures 18 and 20; NR gene numbers correspond 
to those presented in Figure 5. 
Wilkinson and Crawford ( 1993) noted that intron positions are conserved among select 
species (Figure 5: No. 1, 9, 10, 11, 12, 20, and 33) although their actual sizes are variable 
(Schnorr et al., 1991). Zhou et al. (1995) examined several NR sequences and observed 
this as well (Figure 5: No. 2, 6, 7, 9, IO, 11, 12, 20, 26, 33, 42, 46, and 47), finding that 
although they show a large amount of sequence similarity, especially within the functional 
domains, the third codon position has large variations in GC content. Choi et al. (1989) 
earlier reported that rice has a near exclusive GC bias in the third codon position (96%) as 
does barley (Schnorr et al, 1991 ), whereas Arabidopsis and tobacco genes use all four 
nucleotides almost equally. This codon bias is speculated to play a part in regulating gene 
expression in monocot nitrate assimilation. In contrast, plant gene introns generally have a 
high AT content. 
18 
Figure 6. Graphic representation ofNR DNA sequences. All genes are presented 5' to 
3 ', and all structural features were derived from the literature. (Numbers on the left 
correspond to those introduced in Figure 5.) 
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Friemann et al. (1991) compared the primary structures of NR sequences (Figure 
5: No. 2, 3, 4, 10, 11, 13, 20, 26, 42, and 46) and found 13 well-conserved regions with a 
minimum length of I 0 amino acids, which encompass elements of the functional domains 
and one interchain disulfide bond. Variability among sequences occurs in the two hinge 
regions: the first region is roughly 90 bp and the second region ranges from 45 - 90 bp. It 
also occurs in a region in the N-terminus upstream of the functional domain that varies in 
length from 90 - 300 bp, which is considered to have a structural role in NR stability 
(Nussaume et al., 1995) and possibly a regulatory function as a leader sequence during 
post-transcriptional control (Vaucheret et al., 1989b). Presently, full length sequences of 
genes including introns range from the Arabidopsis nial NR (Figure 5: No. I) at 3475 bp 
to the Phaseolus nia2 NR (Figure 5: No. 22) at 7613 bp. The C-terminus appears to have 
little or no variability among species. 
Regulation of Nitrate Reductase 
Uptake and reduction of N03 - is energetically expensive, and for this reason the 
first two enzymes in the assimilation pathway are highly regulated (Guerrero et al., 1981; 
Campbell et al., 1989; Mohr et al., 1992). Ultimately, NR activity is controlled either by 
altering the activity level of the post-translational enzyme or by altering the actual amount 
of enzyme through synthesis and degradation of enzyme molecules (Crawford, 1995). 
This is accomplished at both the gene and protein levels in response to many factors, 
including: N03 -, light, phytohormones, circadian rhythms, C02 levels, 02 levels, 
translocationfmtracellular compartmentation, carbon metabolites, and N metabolites such 
as glutamine (Guerrero et al., 1981). 
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At the gene level=- N03 - itself acts as the primary signal to increase expression of 
nuclear-encoded NR, N~ and Ntr genes (Figure 7). In plants=- this induction occurs 
within minutes. Although no NR regulatory genes have been identified in higher plants=-
some have been studied in fungi and algae. However=- a cis-acting regulatory region has 
been detected in the promoter region of Arabidopsis NR that confers N03- inducible 
expression to reporter genes in transgenic tobacco (Lin et al.=- 1994). Ammonia fixed into 
glutamate (Figure 3) is converted to glutamine (Gin) in a reaction catalyzed by the enzyme 










N03· N02 ....... / 
Figure 7. A schematic diagram of the nitrate assimilation pathway within a plant cell. In 
terms of N utilizatioD;o the plastid (in the root) serves the same function as the chloroplast 
(Crawford=- 1996). 
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NR activity decreases rapidly in cultured spinach cells when transferred to a glutamine-
containing medium and returns to initial levels after removal of exogenous glutamine 
(Shiraishi et al., 1992). Glutamine may affect the NR transcriptional regulation or may 
decrease the level of NQ3- through inhibition of nitrate transport to the cytoplasm from the 
extracellular space or vacuoles (Langerdorfer et al., 1988). 
At the protein level, control involves rapid and reversible phosphorylation. Mg2+, 
or another divalent cation, binds to the negatively-charged phosphate groups of the 
phosphorylated NR. Inactivation occurs with the binding of NIP, or nitrate reductase 
inhibitor protein. Also, proteins undergo degradation reactions that contribute to the 
highly unstable nature of NR and account for its significant turnover rate. A short half-life 
is a common feature of rate-limiting enzymes in metabolic pathways, as they have evolved 
to respond quickly to changing nutritional conditions. 
Thus, a complex regulatory system coordinates N03 - assimilation with other key 
metabolic processes like carbon metabolism and photosynthesis. Soybean is considerably 
more complex not only because of its relationship with Rhizobium, but also because it 
contains three separate isoforms for NR. Clearly, new information pertaining to the 
regulation of this enzyme is essential. Therefore, the objectives of this study were to 
acquire partial or full length sequences of one or more genes coding for NR in Glycine 
max and to identify possible promoter regions. 
Experimental Design 
CHAPTER ID 
MATERIALS AND METHODS 
In order to locate a full-length NR gene, a commercially prepared soybean 
(Glycine max) genomic DNA library (Lambda FIX II library; Stratagene) was screened 
with a nucleic acid probe, JPSNR3, by filter hybridization. Once the target sequence was 
isolated and purified, a detailed structural analysis of the gene followed. 
Isolation of the Genomic Clone 
Probe Preparation 
JPSNR3 is a previously isolated partial cDNA clone from soybean Glycine max 
(Shavocky, 1995) that encodes the distal end of the molybdenum domain, all of the heme-
binding domain, and the proximal end of the flavin domain. pJPSNR3 is 99.3% identical 
at the nucleotide level to the middle of the published full-length cDNA named iNR2 
(region 1003 to 2082; Wu et al., 1995), and 99.1% identical at the amino acid level. 
JPSNR3 was stored in a pUC13 plasmid as a glycerol stock, and it was grown in 
LB broth (IO g tryptone, 5 g yeast extract, and 10 g NaCl/L; pH 7.5) with 50 -µg/ml 
ampicillin at 37°C overnight. Cells were harvested by centrifugation at 2,000 x g for·20 
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min and resuspended in a buffer containing 50 mM glucose, 25 mM Tris-HCl, and IO mM 
EDT A. The following steps were subsequently performed at 0°C: addition of 5 mg/ml 
lysozyme and incubation for 30 min, addition of 1% SDS/0.2 N NaOH and incubation for 
5 min, and addition of2 M NaOAc (pH 4.8) and incubation for I h. The suspension was 
centrifuged at 30,000 x g for 40 min and the resulting supernatant was mixed in twice its 
volume of 95% EtOH then incubated at -20°C overnight. The sample was centrifuged 
again at 2,000 x g for 15 min and the pellet was resuspended in 25mlof10 mM Tris, 20 
mM NaCl, and 0.1 mM EDTA. This mixture was combined with 25 g CsCl and 1.25 ml 
of I 0 mg/ml EtBr and sealed in a Sorvall tube, which was ultracentrifuged at 20°C and at 
150,000 x g overnight. The second UV-visible band in the gradient was drawn off and 
further ultracentrifuged at 20°C and at 200,000 x g overnight. The same band was 
collected again and mixed with CsCl saturated isopropanol three times to remove excess 
EtBr. Sterile H20 was added at four times the volume and EtOH was added at twice the 
volume before the sample was allowed to incubate at 0°C overnight. The samples were 
centrifuged at 8,000 x g for 20 min and the pellet washed in 0.2 M NaOAc in 76% EtOH. 
Finally, the sample was centrifuged at 8,000 x g for 20 min. The pellet was dried under 
nitrogen and resuspended in 200 µl of sterile H20. Plasmid preparation yielded 130 µg of 
total DNA for JPSNR3 with a spectrophotometric purity (A26of A2so) of 1.9. 
The plasmid DNA was digested with EcoRJ and electrophoresed to confirm 
correct sizes of the pUC 13 vector and JPSNR3 insert, which were 2. 7 kb and 1.1 kb, 
respectively. 
Radiolabellling Probes 
Using the Rapid Multiprime DNA labelling kit (Amersham), approximately 25 ng 
(in 1.0 µl) of denatured probe DNA were combined with 5.0 µI of labelling buffer, 2.5 µl 
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of hexamer primer, 4.0 µI of [a.-32P] dCTP (0.02 mCi), 2.0 µI of enzyme (Kienow 
fragment), and 10.5 µI of sterile distilled and deionized H20 to bring the final volume to 
25 µI. This mixture was incubated at 3 7°C for 3 0 min - 3 h, and then boiled for an 
additional 5 min to destroy the enzyme and denature the probe prior to hybridization. 
Transfection and Plaque Formation 
The equation N =In (I - P)/ln (1 - f) was used to determine the number of agar 
plates that represent the entire genome; N is the necessary number of recombinants, P is 
the desired probability, and f is the fractional proportion of the genome in a single 
recombinant (defined as the average insert size/size of genome) (Maniatis et al., 1985). At 
99% probability, N = In (1 - 0. 99)/ln (1 - [ 17 x 103 /1.115 x 109] ); therefore, N = 302, 040 
plaques (soybean genome size was acquired from Arumuganathan et al., 1991). The 
initial titer of the library was established as 6 .15 x 109 pfu/ml, and by plating 
approximately 49,200 plaques per large plate (150 x 15 mm), it was determined that 
roughly 6 large plates represent the soybean genome. The genome was screened 
approximately 16.3 times (approximately 4.8 x 106 plaques) until a positive clone was 
found. In addition to the soybean library phage, the phage NRl 5 (JPSNR3 packaged in 
A.GTI 1) was separately plated to serve as a positive control during hybridization (initial 
titer was established as 10 x 109 pfu/ml). 
Two 5 ml tubes of LB broth (10 g NaCl, I 0 g bactotryptone, 5 g yeast extract/L) 
were inoculated with Escherichia coli strain YI 090. Both tubes were supplemented with 
50 µI of 20% maltose in order to provide the bacteriophages entryways into the host cells. 
An overnight incubation was performed at 30°C to prevent overgrowth of bacteria and 
undesired phage attachment to dead cells. Cells were harvested at I, 700 x g for 10 min in 
a SA600 rotor; they were resuspended in 10 mM MgS04 and diluted to an A6oo of 0.5. 
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Approximately 600 µl of diluted cells were used for each large plate {150 x 15 mm) and 
approximately 300 µl for each small plate (100 x 15 mm). The bacteriophage was added 
at the correct titer and incubated at 37°C for 20 min. Samples then were mixed with 55°C 
top agarose (5 g NaCl, 2 g MgS04 x 7H20, 5 g yeast extract, 10 g NZ amine, 7 g 
agarose/L, pH 7.5) and poured over pre-warmed NYZ plates (5 g NaCl, 2 g MgS04 x 
7H20, 5 g yeast extract, 10 g NZ amine, 15 g agar/L, pH 7.5). Propagation of the virus 
occurred at 3 7°C for at least 8 hours. Each plaque was expected to contain I 06 - I 0 7 
phage, depending on its size, stability of the phage, and freshness of the plate (Titus, 
1991). 
Plaque Lifts and Hybridization 
A replica of the transfected plate was made by placing a nitrocellulose membrane 
(Schleicher & Schuell Nytran membrane) on the surface of the prechilled agar. Transfer 
of DNA to nitrocellulose lasted for 2 min for initial lifts and 5 min for duplicate lifts; both 
membranes were keyed using needle holes and India ink. All membranes were incubated 
for 5 min on 0.5 N NaOH/1.5 M NaCl saturated IM Whatman paper to lyse the cells and 
phages as well as denature and further adhere the DNA to the membrane. Afterwards, 
they were incubated for 5 min on 0.5 M Tris-HCI (pH 8.0)/1.5 M NaCl saturated IM 
Whatman paper to neutralize the earlier basic conditions. The membranes were baked at 
80°C for 30 min, which covalently bound the nucleic acids. The prepared membranes 
were sealed in bags with prehybridization buffer (50% formamide, 5X SSPE, 2X 
Denhardt's reagent, 0.1% SDS, 130 µg/ml of herring testes DNA) and shaken at 50 rpm 
for I h at 42°C. Hybridization began with the addition of 5 µl of radiolabelled probe to 
the buffer and was allowed to occur for 12 - 20 h. The membranes were washed twice at 
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65°C for 30 min in 2X SSC/0.2% SDS to remove unbound probe. Finally, they were 
wrapped in plastic and exposed to Kodak film in an autoradiograph cassette overnight. 
When a good signal-to-noise ratio was achieved, signals appeared that correlated 
with plaques during superimposition of the plates. Any signal that was detected on both 
duplicates was isolated and re-screened. Individual plaques were removed for use as plug 
lysates by boring out a column of agar and placing it into I ml SM buffer (5.8 g NaCl, 2 g 
MgS04 x 7H20, 50 ml of IM Tris-HCI [pH 7.5], 5.0 ml of 2% [w/v] gelatin) with 20 µl 
chloroform added to prevent bacterial growth. In each case, the titer of the putative clone 
was re-established. 
This process was repeated until all plaques on a plate produced a distinct signal, 
which represented the purification of a single clone. 
Characterization of the Genomic Clone 
Bacteriophage DNA Preparation 
Two different methods were used to prepare bacteriophage DNA. The first 
(Burmeister et al., 1996) involved the removal of an individual plaque from a fresh plate 
and its inoculation into 40 ml sterile LB broth containing 400 µl I M MgS04, 400 µl 
CaCh and 200 µl E.coli Y1090 (At;oo = 0.3). This culture was incubated overnight at 250 
rpm and 39°C, then 4 ml of chloroform was added and the suspension was shaken for 5 
min. The aqueous phase was removed and centrifuged at 10,000 x g for 15 min at 4°C to 
pellet bacterial debris. The supernatant was transferred to polypropylene tubes and 
centrifuged at 80,000 x g for 30 min at 16°C. The resulting phage particle pellet was 
resuspended in 500 µl of TEM buffer (10 mM Tris-HCl [pH7.5], 10 mM MgCh, I mM 
EDTA) and transferred to a microcentrifuge tube. A 2 min spin at 12,000" x g was 
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performed to remove any remaining debris, and 6 µl I 0% SDS, 8 µl 0. 5 M EDT A and IO 
µl RNase A (10 mg/ml) was added. Samples were incubated at 65°C for I 5 min, and then 
extracted with phenol, phenol/chloroform, and chloroform until clear. The DNA was 
precipitated with 2 volumes of EtOH and 0. I volumes of 3M NaOAc and allowed to 
incubate overnight at -20°C. Samples were microcentrifuged for I5 min and washed once 
with 70% EtOH. The pellet was air-dried and resuspended in 200µ1 of TE buffer (10 mM 
Tris-HCI, I mM EDTA, pH 8.0). Liquid bacteriophage preparations yielded 954 µg of 
total DNA for BCNR-A and 466 µg of total DNA for BCNR-B. The samples had 
spectrophotometric purities (A26of A2so) of2.10 and 2. I6, respectively. 
The second method involved QIAGEN-tip 500 columns. A IL flask of LB broth 
was inoculated with an individual plaque from a fresh plate. After an overnight incubation 
at 250 rpm and 37°C; one ml of chloroform was added to precipitate bacterial debris. 
The aqueous phase was removed and combined with I.6 ml ofbuffer LI (20 mg/ml Rnase 
A, 6 mg/ml Dnase I, 0.2 mg/ml BSA, 10 mM EDTA, IOO mM Tris-HCl, 300 mM NaCl, 
pH 7.5). The mixture was incubated for 30 min at 37°C. Afterwards, 200 ml of ice-cold 
buffer L2 (30% polyethylene glycol [PEG 8000], 3 M NaCl) was added and mixed before 
incubating on ice for 60 min. The entire volume was centrifuged at I0,000 x gin a GSA 
rotor for I 0 min; the supernatant was discarded. The pellet was resuspended in 9 ml of 
buffer L3 (IOO mM Tris-HCI, 100 mM NaCl, 25 mM EDTA, pH 7.5), mixed with 9 ml of 
buffer L4 ( 4% SDS), incubated at 70°C for 20 min, and cooled on ice. 9 ml of buffer L5 
(3 M potassium acetate, pH 5. 5) was added and the sample further cooled on ice for I 5 
min, before centrifuging at I5,000 x g for 30 min at 4°C. The supernatant was removed 
and centrifuged again at I5,000 x g for IO min at 4°C to obtain a particle-free lysate. A 
QIAGEN-tip 500 was equilibrated with I 0 ml of buffer QBT (750 mM NaCl, 50 mM 
MOPS, I5% EtOH, pH 7.0, O. I5% Triton X-100) and the supernatant was allowed to 
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pass through the tip resin by gravity flow. The tip was washed with 30 ml of buffer QC (1 
M NaCl, 50 mM MOPS, 15% EtOH, pH 7.0) and the DNA was subsequently eluted with 
15 ml of buffer QF (1.25 M NaCl, 50 mM Tris/HCl, 15% EtOH, pH 8.5). DNA was 
precipitated with 0.7 volumes of isopropanol and centrifuged at 15,000 x g for 30 min at 
4°C. The pellet was washed with 70% EtOH, dried under gaseous nitrogen and 
resuspended in 200 µl of TE buffer (QIAGEN Lambda Protocol, 1997). 
Some preparations were digested with Hind III so that specific bacteriophage 
bands could be isolated. This was achieved by electrophoresing the digested DNA on a 
0.6% agarose gel and cutting out the desired band. The gel slice was placed into a 
GenElute Agarose spin column (Sigma/Supelco) that had been pre-washed with TE 
buffer. The column was centrifuged in a microcentrifuge at 12,000 x g for 10 min and the 
DNA was eluted into a microcentrifuge collection tube. DNA was precipitated with 2 
volumes ofEtOH and 0.1 volumes of3 M sodium acetate, pH 5.3, and then washed with 
500 µl of70% EtOH. The pellet was air-dried and resuspended in 10 µl ofHPLC-grade 
H20. 
Restriction Mapping 
Digestion of bacteriophage DNA with Hind III restriction enzyme separated the 
library insert (between 9 and 23 kb) from the phage arms (20 kb and 9 kb, respectively). 
This removed all of the phage structural genes, including cos sites, from the insert and 
allowed an estimation of the total insert size to be made. All digests were incubated 
overnight. In double digests, Hind III was combined with a second restriction enzyme 
lacking sites in the phage arms, so that only the separated insert was cleaved into smaller 
pieces. The fragments that were generated were then examined by performing Southern 
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blots (Maniatis et al., 1985) with several probes to determine which contained the gene of 
interest. Based on these results, a preliminary restriction map was constructed. 
Polymerase Chain Reaction 
PCR using Taq polymerase was employed to amplify target regions for use as 
sequencing templates, and cycle conditions varied depending on primer pairs. All custom-
made primers were synthesized by the Macromolecular Analysis Facility at Loyola 
University. 
Selective alcohol precipitation was used to purify the products. First, 100 µl of 4 
M NILOAc and 200 µl of 2-propanol were added to approximately 100 µl of PCR 
mixture (without mineral oil). Samples were incubated at room temperature for 10 min, 
then microcentrifuged for 10 min. The supernatant was removed and 500 µl of 70% 
EtOH was added to pellet. The sample was microcentrifuged for 1 min and the resulting 
pellet was dried under gaseous nitrogen and resuspended in 10 µl HPLC-grade H20 (Innis 
and White, 1990). PCR templates were concentrated to greater than 0.09 µg/µl and 
primers were diluted to 5 pmoVµl for sequencing. 
Sequence Determination and Analyses 
DNA was sequenced at the Cancer Research Center DNA Sequencing Facility at 
the University of Chicago. The Center performed cycle sequencing reactions using dye 
terminators, ran the gels, and provided nucleotide sequences and chromatograms. 
Erroneous and ambiguous bases were corrected from the sequences in both directions by 
inspection of the chromatograms. Amino acid sequences, open reading frames, and 
functional protein lengths were deduced from this information by using standard sequence 
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analysis software. Furthermore, these data were used to compare identity with clones 
described in Wu et al. (1995). This also allowed the NR sequence to be divided into its 
respective domains. 
Isolation of the Genomic Clone 
Genomic DNA Library Screens 
CHAPTER IV 
RESULTS 
Using radiolabelled Eco RI-cut JPSNR3 as a probe, approximately 4.8 x 106 
plaques were screened (covering the entire soybean genome approximately 16. 3 times) 
from the Glycine max Lambda FIX II genomic library. After several rounds of 
rescreening, four candidate clones were isolated. Two of them, designated BCNR-A and 
BCNR-B, showed 100% hybridization to the probe (Figure 8) with an intensity 
comparable to that of the positive control even after the fifth screen. BCNR-A was 
isolated directly from the library, while BCNR-B was isolated from a h'brary initially PCR 





Figure 8. The last screen ofBCNR-A: a) a petri dish containing a lawn of bacterial cells 
infected by the Lambda FIX II library bacteriophage, which was titered to produce a 
plaque density of approximately 100 plaques/plate (the dark spots are India i~ deposits 
used to key the membrane), b) an autoradiogram illustrating the hybridization of JPSNR3 
to all plaque DNA (exposure time: 41 h). 
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Characterization of the Genomic Clone 
Restriction Map of Genomic Clones 
The Lambda FIX II library was designed to allow removal of the insert from the 
phage arms by digestion with Not I restriction enzyme (Figure 9). 
"' .Q ... ~ 0 




Figure 9. A map of the Lambda FIX II replacement vector, illustrating the nature of the 
multiple cloning site. 
Unfortunately, this procedure was not effective. Although sample DNA was 
digested at several different concentrations and durations with Not I, no band separations 
were observed. Investigation of other restriction enzymes revealed that Hind III, while 
also apparently cutting the insert, did generate fragments that were similar in size to the 
phage DNA arms. Therefore, Hind Ill was coupled with other restriction enzymes in an 
attempt to produce a rough restriction map, intended to reveal if the entire gene or only 
portions of the gene was isolated. The digested fragments were separated on 0.6% 
agarose gels by electrophoresis (Figures 10, 11, 12, and 13). These fragments were 
transferred to Nytran membranes and separately probed with the following: the 1. 1 kb 
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partial-length Glycine max cDNA termed JPSNR3, a 3.1 kb full-length Arabidopsis 
thalania cDNA termed pAtc-46 (Figure 5: No. 2), a 699 bp PCR product of BCNR-A 
(Table 3: Pair 2), and the Lambda FIX II phage arms. Each hybridization produced 
several positive bands. 
Using JPSNR3, the same sequence used to hybridize the clones in the library, as a 
probe indicates which bands within the digest contain the distal end of the molybdenum 
domain, the heme-binding domain, or the proximal end of the flavin domain. The probe 
itself acts as a positive control; in lane 1 of Figure 10, the 2. 7 kb band represents the 
vector while the 1. 1 kb band represents the insert. Since both fragments were 
radiolabelled for use as a probe, the presence of both signals in the corresponding 
Southern blot was expected. The molecular weight marker, IJHindIII, acts as a negative 
control. The 8.2 kb band generated by the Hind III digestion is the only band that 
hybridizes to JPSNR3. Two bands, approximately 6. 9 kb and 1.4 kb, are generated by the 
Hind III I Eco RI digestion. Both of these bands hybridize with the probe, indicating that 
there is an Eco RI site within the hybridizing region. The Hind III I Sst I digestion 
produces three bands, 5.2 kb, 1.7 kb, and 1.1 kb, approximately, that hybridize with the 
probe. This indicates that there are two Sst I sites within the hybridizing region. The 8.2 
kb band remains the only signal in the last two digests, which indicates that there are no 
Xho I or Bam HI sites within the hybridizing region. 
Using pAtc-46 as a probe had the disadvantage of producing a much less clear 
Southern blot (Figure 11 ), due to its lower identity with soybean DNA, but it also has the 
advantage of locating fragments containing coding sequences beyond JPSNR3. When cut 
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Figure 11. Hybridization of BCNR clones with pAtc-46 probe: a) agarose gel 
electrophoresis of overnight digestion ( ~ 1 µg of DNA per lane), and b) corresponding 
Southern blot (exposure time: 20 h). The probe is indicated by a red arrow, and the 
molecular weight marker is indicated by the black arrows. All fragment sizes are in kb. 
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Figure 12. Hybridization with of BCNR-A with 699 bp PCR product probe: a) agarose 
gel electrophoresis of overnight digestion (~I µg of DNA per lane), and b) corresponding 
Southern blot (exposure time: 19 h). The probe is indicated by a red arrow, and the 
molecular weight marker is indicated by black arrows. All fragment sizes are in kb. 
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Figure 13. Hybridization of BCNR-A with Lambda FIX II probe: a) agarose gel 
electrophoresis of overnight digestion (~I µg of DNA per lane), and b) corresponding 
Southern blot (exposure time: 91 h). The probe is indicated by a red arrow, and the 
molecular weight marker is indicated by black arrows. All fragment sizes are in kb. 
40 
with Eco RI, pAtc-46 is digested into two fragments of roughly 3. 0 kb, which appear as 
one fragment on a gel, representing both the insert and the vector. Again, this serves as 
the positive control while ')JHindlll continues to function as a negative control. In this 
instance, the majority of hybridized fragments are the same as those hybridized with 
JPSNR3. There are some differences: the 1.3 kb Eco RI fragment produces a signal while 
the 1. 7 kb Sst I does not. This illustrates that there is more coding region present than the 
first probe detected. 
Using a PCR product of BCNR-A (Table 3: pair 2) as a probe illustrates what 
fragment acted as a template for the PCR reaction. Since BCNR-A and BCNR-B 
appeared to produce identical results during previous Southerns, only BCNR-A was 
subsequently used. The 699 bp PCR product acted as a positive control (Figure 12). The 
digestion was not complete and the probe hybridized with much of the undigested material 
at the top of the gel in all lanes. However, the 8.2 kb Hind Ill band hybridized as did a 
1. 0 kb fragment excised by Hind III and Sst I. This revealed that the PCR product used a 
region from the 8.2 kb fragment as a template and that this region is flanked by Hind III 
and Sst I restriction sites. 
By radiolabelling a clone from the library that did not initially hybridize with 
JPSNR3, it was possible to use Lambda FIX II phage arms as probes. This Southern blot 
was performed to indicate which bands were derived from the bacteriophage and not the 
library (Figure 13). The respective 5.2 kb and 4.5 kb fragments hybridized and were 
considered to be parts of the left arm. Also, the approximate 20. 8 kb fragment was large 
enough to be the left arm. The results showed, most importantly, that the 10.7 kb Hind 
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/JI :fragment was part of the insert, as it did not hybridize with the same intensity as other 
:fragments. Here A/Hind/I/ acted as both a positive and a negative control. The 23.1 kb 
band in the left arm and the 9.4 kb, 6.5 kb, and 4.3 kb bands in the right arm hybridized 
but the 2.3 kb and 2.0 kb from the stuffer fragment did not. The stuffer fragment was 
replaced by the library insert during the formation of the genomic library, and was 
therefore not part of the probe. 
This series of digestions and hybridizations suggested that a large part of the NR 
coding sequence was present and that there were even larger flanking regions around it 
(Figure 14). Additionally, the arrangement of restriction sites within the insert was similar 
to that of iNR2 (Wu et al., 1995), and this provided enough information to orient the 
sequence between the bacteriophage arms. 
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Figure 14. Restriction map ofBCNR-A. Gray areas represent the Lambda 
FIX vector arms while white areas represent the library insert. 
Approximate sizes are based orHind III digestion. Probes (shown in 




Analysis of PCR Products 
PCR amplification of the genomic clones was accomplished by designing primers 
based upon the published coding sequence iNR2 (Wu et al., 1995). These primers 
produced six separate products that covered the entire sequence of interest with enough 
overlap to assure that no sections would remain unexamined. None of the primer pairs 
generated bands larger than expected from the cDNA sequence (Table 3), which indicated 
the absence of intronic sequences in the genomic clones (Figure 15). 
sense primer predicted determined 
pair name antisense primer PCRproduct PCRproduct 
size size 
1 BCP-1 5'- AATGGCGTCGITCGGCCCCTCAAA -3' 525bp 525bp 
BCP-2 5' - CCCAGITGAAGCCGATGCTCTGIT -3' 
2 419 5'- TGCTTCACCATGGAGCAACTCCTC -3' 699bp 699bp 
483 5' - CAACACGTGTCACCTTTCTCCCAC -3' 
3 BCP-3 5'- CCCATCAACTCATGGACTACTCAG-3' 316bp 316bp 
1342 5' - AACCAGCAGITGITAATCAT -3' 
4 1213 5' - TGGTGITGGTGTTTCTGGTC -3' 640bp 640bp 
JPS-2 5' - ATGGGGGTCAAAGGGATGGTG -3' 
5 JPS-5 5' - ACCACCACCTGCTACAACTCT -3' 527bp 527bp 
BCP-6 5' - CAACATGGCTAGCCTCGTGGCAAA -3' 
6* BCP-9 5' -AAAGGCCCACITGGCCACAITGTA-3' 461 bp 461 bp 
BCP-4 5' - CACGAGCAAGITAITCTGGGTGTC -3' 
Table 3. Primer pairs used to amplify sections of BCNR-A for sequencing. PCR 
conditions were constant at 94°C for 3 min, 25 x (94°C for 1 min, 52°C for 45 sec, 72°C 
for 5 min), and 72°C for 10 min; except those pairs starred(*), which had an extension 
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Figure 15. Agarose gels containing PCR products ofBCNR-A and BCNR-B. Less than I 
ng was used in each PCR reaction. Lane numbers correspond to primer pairs in Table 3. 
Sequence of Genomic Clones 
All PCR products from BCNR-A were subsequently purified and concentrated to 
>0.09 ng/µ1 for sequencing. Primers used for sequencing were the same used for PCR 
amplification, but at a concentration of 5 pmol/µl. In instances where only one primer was 
known, the bacteriophage DNA itself served as a sequencing template. By comparing the 
position of unique restriction sites from BCNR-A with those from iNR2, it was 
determined that a possible position for a start codon was located just upstream of the Sal I 
site. This would mean that roughly 9 kb of sequence is included upstream from a possible 
start codon on the 10.7 kb fragment. Additionally, there is roughly 6 kb of sequence 
downstream from a potential stop codon site. Unfortunately, all primers directed 
upstream on the 10.7 kb Hind III fragment (I µg/ul) as well as all primers directed 
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downstream on the 8.2 kb Hind III fragment (1 µg/ul) produced no signal. It is possible 
that the fragments were too large to serve as sequencing templates. However, a large 
continuous sequence was determined in both directions (Figure 16) using fluorescent dye 
terminator reactions (Figure 17). 
43 2665 
486 296 500 
459 331 504 
561 600 429 
528 475 437 
Figure 16. Sequencing strategy for BCNR-A. The arrows indicate the direction of 
sequencing and the numbers below indicate the bases read per run. 
~~~ :o~·._ 
4 ·$,-· "'-~' .·~ 
Figure 17. Sample chromatogram containing fluorescent peaks and initial basecall 
sequence. 
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Six sets of chromatograms were combined to produce a part of the insert 
sequence, and each chromatogram had a small overlap with the next to ensure that no 
nucleotides were missed. Figure 18 presents the nucleotide sequence for BCNR-A; it is 
2625 nucleotides and 875 possible amino acids long. The overall nucleotide content of 
BCNR-A is 25% ~ 29% C, 25% G, and 21 % T; this is very similar to the content of 
other NR genes (Figure 6). No GC bias was discovered in the third codon position 
(65.4%) when compared to monocots like rice (96%) (Choi et al., 1989). Since soybean 
is a dicot, this bias was not expected. Furthermore, no codon exclusion is seen in the 
protein; all codons are represented at least once (Table 4). 
TIT F 6 TCT s 14 TAT y 10 TGT c 5 
TIC F 21 TCC s 20 TAC y 18 TGC c 14 
TIA L 2 TCA s 6 TAA z TGA z 
TIG L 19 TCG s 5 TAG z TGG w 21 
CTI L 8 CCT p 10 CAT H 7 CGT R 4 
CTC L 26 CCC p 23 CAC H 23 CGC R 15 
CTA L 6 CCA p 20 CAA Q 16 CGA R 4 
CTG L 11 CCG p 12 CAG Q 6 CGG R 5 
ATI I 15 ACT T 8 AAT N 7 AGT s 5 
ATC I 27 ACC T 36 AAC N 31 AGC s 9 
ATA I 11 ACA T 10 AAA K 18 AGA R 7 
ATG M 21 ACG T 7 AAG K 30 AGG R IO 
GTI v 19 GCT A 8 GAT D 18 GGT G 15 
GTC v 16 GCC A 20 GAC D 29 GGC G 22 
GTA v 2 GCA A 6 GAA E 24 GGA G 14 
GTG v 25 GCG A 4 GAG E 31 GGG G 13 
Table 4. Codon usage for BCNR-A. There are 875 codons total. 
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Figure 18. The nucleotide sequence and deduced amino acid sequence ofBCNR-A. The 
nucleotides, from 5' to 3 ', are numbered I to 2673; the amino acids are numbered I to 
891. Upstream and downstream regions are presented in lower-case letters. The region 
that hybridizes to the probe JPSNR3 is offset in bold. The termini in italics were added 
from Wu et al. to illustrate the predicted complete gene sequence. 
ATG GCG GCT TCC GTC GAC CAG CGT CCG TAC CCC GGC CTC CAC 
M A A S V D Q R P Y P G L H 
AAT GGC GTC GTT CGG CCC CTC AAA CCA GGC CCG GAT ATC CCG 
N G V V R P L K P G P D I P 
CGT CCC AAG AAG CTA CCC CAG CCG CCG CCG CCA CTC TCG GAT 
R P K K L P Q P P P P L S D 
TCC TCA AGC GAC GAA GAA GAA GAC ACC ACC TTG AAC TTG AAG 
S S S D E E E D T T L N L K 
GAC CTG ATT CGC AAG GGA ACA ACG GAA GTT GAA TCC TCC ATT 
D L I R K G T T E V E S S I 
TIC GAC CCG CGC GAC GAT GGA ACC TCT GAC CAC TGG ATC CAA 
F D P R D D G T S D H W I Q 
CGG AAC TCT TCC CTI GTC CGT TT A ACG GGA AAG CAC CCG TTT 
R N S S L V R L T G K H P F 
AAC TCG GAG CCA CCC CTC CCT CGC CTC ATG CAC CAC GGC TIC 
N S E P P L P R L M H H G F 
ATC ACC CCG GTC CCC CTC CAC TAC GTC CGC AAC CAC GGG CCA 
I T P V P L H Y V R N H G P 
GTC CCC CGG GCC CGC TGG GAG GAC TGG ACC GTG GAA GTC ACG 
V P R A R W E D W T V E V T 
GGC CTG GTC ACC AGG CCC ACA TGC TIC ACC ATG GAG CAA CTC 
G L V T R P T C F T M E Q L 
CTC CAC GAT TIC CCC AGT CGC GAG TIC CCA GCC ACA CTC GTC 
L H D F P S R E F P A T L V 
TGC GCT GGG AAC CGG CGG AAG GAA CAG AAC ATG GTG AAA CAG 
C A G N R R K E Q N M V K Q 
AGC ATC GGC TIC AAC TGG GGG GCA GCC GCC ATC TCC ACT TCG 
SIG F NW GA A A IS TS 
GTG TGG CGC GGC GTG CCC TTG CGC ACC CTG CTC AAG AGC TGC 
V W R G V P L R T L L K S C 
GGG ATC TAC ACC CGC ACC AAG GGC GCG CTC CAC GTG TGC TIC 
G I Y T R T K G A L H V C F 
GAA GGG GCC GAG GAT CTG CCA GGT GGA GGT GGG TCC AAG TAC 
E G A E D L P G G G G S K Y 
GGA ACC AGT ATC CTG AGG GAG GTT GCA CTG GAT CCC TCC CGC 






































GAC ATC ATI CTC GCC TAC ATG CAA AAC GGG GAG CCT TIG TCC 
D I I L A Y M Q N G E P L S 
CCG GAT CAC GGC TIC CCC GIT AGA ATG ATA ATA CCC GGT TIC 
PD HG F P V RM I IP G F 
ATI GGT GGC CGC ATG GTC AAA TGG TIG AAG CGC ATC ATI GIT 
I G G R M V K W L K R I I V 
ACT ACC GAC CAA TCT CAA AAC TAT TAC CAT TAT AAG GAT AAC 
T T D Q S Q N Y Y H Y K D N 
AGG GTA CTC CCT TCT CAC GIT GAT GCC GAA CTI GCC AAT GCT 
R V L P S H V D A E L A N A 
CAA GCT TGG TGG TAC AAG CCG GAC TAT ATI ATC AAC GAG CTT 
Q A W W Y K P D Y I I N E L 
AAC ATA AAC TCC GTG ATA ACC ACG CCT TGC CAC CAG GAG ATC 
N I N S V I T T P C H Q E I 
TTG CCC ATC AAC TCA TGG ACT ACT CAG ATG CCT TAT TTC ATC 
L P I N S W T T Q M P Y F I 
AGA GGC TAT GCG TAT TCC GGT GGT GGG AGA AAG GTG ACA CGT 
R G Y A Y S G G G R K V T R 
GTT GAG GTA ACC CTG GAC GGA GGT GAA ACG TGG CAA GTG TGC 
V E V T L D G G E T W Q V C 
ACA CTG GAC TGT CCG GAG AAA CCC AAC AAA TAT GGA AAG TAC 
T L D C P E K P N K Y G K Y 
TGG TGT TGG TGT TTT TGG TCT GTG GAG GTT GAG GTT TTG GAC 
W C W C F W S V E V E V L D 
CTG CTC GGA GCC AGG GAG ATT GCG GTG CGT GCT TGG GAC GAG 
L L G A R E I A V R A W D E 
GCC CTC AAC ACC CAA CCT GAA AAG CTC ATT TGG AAT GTT ATG 
A L N T Q P E K L I W N V M 
GGC ATG ATG AAC AAC TGC TGG TTC AGA GTG AAA ACC AAT GTG 
G M M N N C W F R V K T N V 
TGC AGG CCC CAC AAG GGT GAG ATA GGT ATA GTG TTT GAA CAC 
C R P H K G E I G I V F E H 
CCC ACC CAA CCA GGC AAC CAA TCC GGC GGA TGG ATG GCA AAA 




































GAA AAA CAC CTA GAG AAA TCA TCT GAG TCC AAC CCA ACC CTC 
E K H L E K S S E S N P T L 
AAG AAG AGT GTC TCC TCC CCA TTC ATG AAC ACC ACC TCA AAA 
K K S V S S P F M N T T S K 
ACC TAT ACC ATG TCT GAA GTC AGA AGG CAC AAC AAC GCC GAT 
T Y T M S E V R R H N N A D 
TCG GCT TGG ATC ATA GTC CAC GGT CAT GTC TAT GAT TGC ACC 
S A W I I V H G H V Y D C T 
CGC TTC CTC AAA GAC CAT CCC GGT GGC ACA GAC AGC ATC CTC 
R F L K D H P G G T D S I L 
ATC AAC GCC GGC ACC GAC TGC ACC GAG GAG TTC GAA GCC ATC 
I N A G T D C T E E F E A I 
CAC TCC GAC AAA GCC AAG CAA ATG CTT GAA GAC TAC CGA ATC 
H S D K A K Q M L E D Y R I 
GGC GAG CTC ACC ACC ACC TGC TAC AAC TCT GAT TCT TCA TCG 
G E L T T T C Y N S D S S S 
TCA AAC CCC TCC GTG CAT GGC AGC TCC GAC ACC ATC CCT TTG 
S N P S V H G S S D T I P L 
ACC CCC ATC AAG GAA GTG ATT ACA CCA ATG CGA AGC GTG GCT 
T P I K E V I T P M R S V A 
CTT AAC CCA CGC GAG AAA ATC CCA TGC AAG CTC ATC TCC AAA 
L N P R E K I P C K L I S K 
ACC TCC ATC TCT CAC GAC GTT AGG CTT TTC CGC TTT GCC CTC 
T S I S H D V R L F R F A L 
CCC TCC GAC GAC CTA CTC ATG GGT TTG CCA GTT GGG AAG CAC 
P S D D L L M G L P V G K H 
ATA TTC CTA TGT GCC ACC GTT GAC GAG AAA CTA TGC ATG CGA 
I F L C A T V D E K L C M R 
GCC TAC ACT CCA ACA AGC AGC GTT CAC GAA GTG GGA TAC TIC 
A Y T P T S S V H E V G Y F 
GAC CTC GTC GTI AAG GTI TAC TIC AAA GGG GTG CAC CCT AAG 

































TIC CCC AAC GGT GGG ATC ATG TCT CAA CAC TIG GAC TCT CTC 2184 
F P N G G I M S Q H L D S L 728 
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CCC Arr GGT TCT GTC rrG GAC GTG AAA GGC CCA err GGC CAC 
P I G S V L D V K G P L G H 
Arr GAA TAC ACT GGC AGA GGA AAC rrc CTC Grr CAT GGG AAA 
I E Y T G R G N F L V H G K 
CCA AGG TIT GCC ACG AGG CTA GCC ATG rrG GCT GGT GGC ACA 
P R F A T R L A M L A G G T 
GGA ATC ACA CCC Arr TAC CAA GTG GTT CAA GCC Arr CTA AAG 
G I T P I Y Q V V Q A I L K 
GAT CCA GAG GAC TGC ACC GAG ATG CAT GTG Grr TAC GCG AAC 
D P E D C T E M H V V Y A N 
CGA ACC GAG GAT GAT ATA TTG CTG AAG GAA GAG CTI GAT GAG 
R T E D D I L L K E E L D E 
TGG GCT AAG AAG TAT GAT AGG rrG AAG GTG TGG TAC GTG ATA 
W A K K Y D R L K V W Y V I 
CAA GAA AGC ATA AGA GAA GGG TGG GAA TAC AGT GTG GGA TIC 
Q E S I R E G W E Y S V G F 
ATC ACT GAA AGT ATC CTG ACG GAG CAT Arr CCA AAT GCA TCT 
I T E S I L T E H I P N A S 
CCT GAT ACC rrG GCA rrG ACT TGT GGA CCA CCA CCT ATG Arr 
P D T L A L T C G P P P M I 
CAA TIT GCA GTC CAG CCG AAT rrG GAG AAG rrG GGC TAC GAC 
Q F A V Q P N L E K L G Y D 
ACC CAG AAT AAC TTG CTC GTG ITT TAG 




























Two clones, BCNR-A and BCNR-B, were isolated from a Glycine max genomic 
library with a nucleic acid probe, JPSNR3, by filter hybridization. Both clones generated 
the same size restriction digest fragments and the same size PCR products. Assuming that 
cross-contamination did not occur between the plates during the screening procedure, the 
fact that two identical clones were isolated separately suggests that either the probe was 
biased towards this sequence or that this sequence exists as multiple copies within the 
genome. The former is more likely the case, since JPSNR3 has a high identity (99.3% at 
the nucleotide level and 99 .1 % at the amino acid level) with the published sequence iNR2 
(Wu et al., 1995). Additionally, there was a reasonable chance that it also could have 
picked up iNRl, since it has a comparably high identity with this clone as well (97.2% at 
the nucleotide level and 97.7% at the amino acid level). However, in areas of sequence 
divergence between iNRl and iNR2, BCNR-A more closely resembles iNR2. 
Not I restriction enzyme was ineffective at separating the phage from the insert 
with 3 of the 4 clones isolated during the course of this study (only 2 of which were found 
to contain NR sequences). Murray et al. (1993) describe an unnamed contaminant that 
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coprecipitates with A.gtl I DNA in EtOH and is sodium dodecyl sulfate-, protease-, 
RNase-, and DNase-resistant. Furthermore, it acts as an inhibitor to EcoRJ but not to 
other restriction enzymes. A similar contaminant might have coprecipitated during the 
BCNR bacteriophage preparations and acted as an inhibitor to Not I. However, other 
enzymes within the multiple cloning sites (MCS) did not cut the clone as expected. For 
example, Xba I cut the BCNR insert but had no effect on the MCS, which suggests that 
the enzymes were not being inhibited but rather the sites in the MCS themselves are 
absent. One possibility is that some of the MCS were lost during the construction of the 
library. The Lambda FIX II vector is digested with Xho I and then partially filled in using 
dTTP and dCTP so that the fragment ends are incompatible with one another. They are 
still compatible with any insert digested with Sau 3A I. Perhaps some unreported star 
activity of Xho I cleaved a percentage of the Lambda FIX II vectors in such a way that the 
MCS were lost before the partial fill in step occurred. Thus restriction mapping of the 
clones was complicated slightly by using Hind III to remove the insert. 
Fortunately, a large probable coding sequence and substantial flanking regions 
were present within the isolated library vector. Since no upstream or downstream 
sequences were actually obtained, the only nucleotide consensus sequences that were 
anticipated were intron splice sites (Table 2, Table 7). However, conserved splice sites 
are not seen, as there appears to be no intrans present in BCNR-A. 
Due to the apparent lack of intrans, the overall genomic length of BCNR-A is 
short in comparison to other known genomic clones. The only legume NR that has been 
completely sequenced prior to this study was from Phaseolus. The coding sequence for 
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its nial NR (Figure 5: No. 12) is 2642 hp and the coding sequence for its nia2 NR (Figure 
5: No. 22) is 2668 hp. These sequences encode NR proteins that are among the smallest 
found in higher plants (99 - 100 kDa). Since the sizes of the coding sequences are so 
similar between these two closely related species (soybean iNRl and iNR2 being 
respectively 2661 and 2673 hp), it was logical to assume that they would have similar full-
length sequences as well. While Phaseolus has full-length sequences of 4547 hp and 7613 
hp, respectively, BCNR-A has a predicted full-length sequence of 2673 bp (with the 
addition of start and stop codons). IfBCNR-A is an active gene, it would be the shortest 
NR gene to date and encode a protein of 100, 014 kDa. 
The fact that there are no introns present is unusual. It is possible that BCNR-A is 
simply a large exon that does not contain any introns, but this is not the arrangement seen 
in other higher plant NR genes to date (Figure 6). Another possible explanation for this 
occurrence is that BCNR-A is a retrosequence. Intron loss requires the exact rejoining of 
a DNA coding sequence, and there are no known DNA mechanisms that recognize 
intron/exon boundaries. This argues for an RNA intermediate; the loss is presumed to 
arise from the rare incorporation into the genome of a DNA copy of the appropriate 
gene's mRNA (Koschinsky et al., 1987). In this instance, the introns would have been 
removed during RNA processing. This process requires reverse transcriptase, which is 
produced in the cell by specific transposable elements, as well as provided by all 
retroviruses. There is evidence of an endogenous proretrovirus in soybean, the SIRE-I 
element, that could act as a source of reverse transcriptase (Majumdar, 1997). It is 
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thought that recombination enzymes allow these intronless copies to become inserted 
randomly into the genome. If this sequence is expressed it is referred to as a retrogene; if 
difference domain nucleotide position iNR2 BCNR-A 
number (amino acid pasition) seauence seauence 
1 MoCo 106 - 108 GCG CCG 
(36) A p 
2 MoCo 262 -264 TCT TCC 
(88) s s 
3 Mo Co 364 - 366 CGT CGC 
(122) R R 
4 MoCo 382 - 384 CCG CCC 
(128) p p 
5 MoCo 385 - 387 CCG CGG 
(129) p R 
6 MoCo 784 - 786 GGT GGG 
(262) G G 
7 MoCo 955 - 957 CTC CTI 
(319) L L 
8 MoCo 1084- 1086 TAC TAT 
(362) y y 
9 MoCo 1231 - 1233 TTG TTT 
(411) L F 
10 FAD 1969 - 1971 GGC GCC 
(657) G A 
11, 12 FAD 1984 - 1986 GGA GAC 
(662) G D 
13 FAD 2149 - 2151 ACC AAC 
(717) T N 
14 FAD 2230 -2232 GTA GAA 
(744) v E 
15 FAD 2338 -2340 CGA CAA 
(780) R Q 
16 FAD 2482 -2484 GCA GAA 
(828) A E 
17 FAD 2494-2496 GAG GAA 
(832) E E 
Table 5. Differences between cDNA sequence iNR2 and genomic DNA sequence BCNR-
A are a result of nucleotide deletions, additions, and substitutions. Nucleotide and amino 
acid position numbers correspond to Figures 18 and 19. 
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the sequence is not expressed, it is referred to as a retropseudogene. Retropseudogenes 
are not limited to the animal kingdom. A nucleotide sequence of an actin gene has been 
isolated from Solanum tuberosum that has all the characteristic features of a typical 
mammalian processed retropseudogene (Drouin and Dover, 1987). It is also lacking 
introns. Retropseudogenes that do not actively code for proteins have no impediment to 
the further accumulation of mutations, including nonsense mutations. When the sequence 
of BCNR-A is compared to the sequence of iNR2, there are 17 nucleotide differences 
between them (Table 5). While some amino acid substitutions are caused, these 
differences are conservative. However, four differences affect the open reading frame 
(ORF). 
The amino acid sequence of BCNR-A contains 875 residues and can be divided 
into the functional domains of NR (Figure 19). Within these domains are many NR 
consensus sequences. Sequence comparisons, chemical modification studies, and mutant 
analyses have suggested that these regions are essential for structural and functional 
properties of the enzyme (Table 6). 
In the MoCo domain, the N-terminal region ofNR is believed to bind NIP. It is 
not highly conserved, although acidic residues are clearly clustered in this region. It is 
assumed that it does not play a role in the catalytic process, which explains its poor 
conservation, but rather it plays a role in the regulatory process. The post-transcriptional 
regulation of NR by light was abolished with the removal of 168 bp from the 5' end of a 
tobacco NR cDNA (Nussaume et al., 1995). It was also noted that when 45 amino acids 
from this site were lost through degraded spinach NR preparations, the enzyme was no 
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Figure 19. NR functional domain boundaries of the BCNR-A amino acid sequence 
(presented N-terminus to C-terminus). a: MoCo domain, b: Hinge 1 region, c: Heme 
domain, d: Hinge 2 region, e: FAD domain. The region that hybridizes to the probe 
JPSNR3 is offset in bold. The termini in italics were added from Wu et al. to illustrate the 
predicted complete gene sequence. Blue highlights indicate amino acid differences 




MAASVDQRPY PGLHNGVVRP LKPGPDIPRP KKLPQPPPPL 40 
SDSSSDEEED TTLNLKDLIR KGTTEVESSI FDPRDDGTSD 80 
HWIQRNSSLV RLTGKHPFNS EPPLPRLMilli GFITPVPLHY 120 
VRNHGPVPRA RWEDWTVEVT GLVTRPTCFT MEQLLHDFPS 160 
REFPATLVCA GNRRKEQNMV KQSIGFNWGA AAISTSVWRG 200 
VPLRTLLKSC GIYTRTKGAL HVCFEGAEDL PGGGGSKYGT 240 
SILREVALDP SRDIILAYMQ NGEPLSPDHG FPVRMIIPGF 280 
IGGRMVKWLK RIIVTTDQSQ NYYHYKDNRV LPSHVDAELA 320 
NAQAWWYKPD YIINELNINS VITTPCHQEI LPINSWITQM 360 
PYFIB.GYAYS GGGRKVTRVE VTWGGETWQ VCTLDCPEKP 400 
NKYGKYWCWC FWSVEVEVLD LLGAREIAVR AWDEALNTQP 440 
EKLIWNVMGM MNNCWFRVKT NVCRPHKGEI GIVFEHPTQP 480 
alb hie 
GNQSGGWMAK EKHLEKSSES NPTLKKSVSS PFMNTI'SKTY 520 
TMSEVRRHNN ADSAWIIVHG HVYDCTRFL DHPGGTDSIL 560 
K cld 
INAGTDCTEE FEAillSDKAK QMLEDYRIGE L'ITTCYNSDS 600 
die 
SSSNPSVHGS SDTIPLTPIK EVITPMRSVA LNPREKIPCK 640 
LISKTSISHD VRLFRFALP DDUMGLPVG KHIFLCATVD 680 
s 
EKLCMRAYTP TSSVHEVGYF DLVVKVYFKG VHPKFPNGGI 720 
MSQHLDSLPI GSVLDVKGPL GHIEYTGRGN FLVHGKPRFA 760 
TRLAMLAGGT GITPIYQVVQ AILKDPEDCT EMHVVYANRT 800 
EDDILLKEEL DEWAKKYDRL KVWYVIQHSI REGWEYSVGF 840 
ITESILTEHI PNASPDTLAL TCGPPPMIQF AVQPNLEKLG 880 
e 
YTDQNNLLVF z 891 
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Table 6. Amino acid consensus sequences among higher plant NRs, which are believed to 
have essential structural and functional properties. Sequences are listed as they appear in 
BCNR-A, and all residues termed "invariant" in the current literature are present. Position 
numbers correspond to those presented in Figures 18 and 19. 
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oosition amino acid sequence shmificance reference 
Mo Co 
not MAASV This sequence begins a stretch Friemann et al., 1991 
seen of~ 45 amino acids believed to Douglas et al., 1995 
be involved in binding NIP. Nussaume et al., 1995 
42-50 DSSSDEEED Although not highly conserved, Friemann et al., 1991 
acidic residues tend to cluster Nussaume et al., 1995 
in this region. It is thought to 
play a part in regulatory 
function, possibly binding NIP. 
166 - 182 TLV~AGNRRKEQNMVKQ This highly conserved region Miyazaki et al., 1991 
contains a cysteine residue Wilkinson and 
(underlined) that is proposed to Crawford, 1993 
be a ligand to the molybdenum 
cofactor. The alanine 
following is critical for ligand-
cofactor interaction. 
223 c Along with C-169 (underlined Neame and Barber, 
above), these cysteines are 1989 
found in equivalent positions 
in chicken liver sulfite oxidase. 
407- 413 W~WCFWS Site of interchain disulfide Friemann et al., 1991 
bond that connects the NR Hoff et al., 1992 
subunits. The first cysteine 
(underlined) is essential to this 
structure. 
Hinge 1 
504 - 514 1KKSV.SSPFMN The second lysine (underlined) Kubo et al., 1988 
acts as a cleavage site for Shiraishi et al., 1991 
trypsin. The first serine Douglas et al., 1995 
(underlined) is a major Bachmann et al., 
regulatory phosphorylation 1996 
site. Additionally, all Huber et al., 1996 
underlined residues are Su et al., 1996 
suspected targets of nitrate 
reductase-kinase activity. 
Heme 
535, 544, W, D, T, F, HPGG, AG, F, H, These 13 conserved residues Calza et al, 1987 
546, 548, G are found in the cytochrome b5 
522 - 555, superfamily. 
563 - 564, 
571, 575, 
589 
551 - 580 DH.J>GGTDSILINAGTDCTEE These two histidines Mathews et al., 1971 
FEAJHSDKAK (underlined) are involved in Friemann et al., 1991 
binding the heme group. Meyer et al., 1991 
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Hin~e 2 
621 E This glutamic acid serves as a Kubo et al., 1988 
site for Staphylococcus aureus Shiraishi et al., 1991 
V8 protease activity. 
FAD 
686, 705, R,K, y The arginine and lysine are Hackett et al, 1986 
707 both located in putative Gonzalez et al., 1995 
NADH-binding sites. The 
tyrosine may be responsible for 
flavin binding, but this has not 
been proven. 
636 -645, KIPCK.LISKT, These elements are involved in Hyde et al., 1991 
653 -659, LFRFALP, the secondary structure of the Nishida et al., 1995 
672 -676, HIFLC, FAD domain; responsible for 
686 -690, BAYfP, the subdomain that binds FAD. 
699- 705, YFDLVVK, Arginine, tyrosine, and serine 
719 - 726, QIMSQHLD, (underlined) overlap each other 
732-737 SVLDVK in a three-dimensional p barrel 
structure that stabilizes the 
flavin-binding site. Glycine 
(double-underlined) is critical 
while leucine (double-
underlined) makes only a 
minor contribution to the 
overall structure. 
762 -768, RLAMLAG, TPIYQWQAI, These elements are involved in Hyde et al., 1991 
773 - 782, EMHWYAN, the secondary structure of the 
791- 798, KEELDEW AKK, LKVWYVI, FAD domain; proposed to bind 
807 - 816, ITESIL, HIPNA, TLAL TCG, the electron donor. 
820 - 826, MIQFAVQPNLEK, NNLL VF 
841 - 846, 
849 - 853, 
857 - 863, 
867 - 878, 
885 - 890 
834 w This tryptophan is essential for Gonzalez et al., 1995 
NR activity. 
862 -868 ~GPP~MI The cysteine residue Friemann et al., 1991 
(underlined) is highly Gonzalez et al., 1995 
conserved. The third proline SchOndorf et al., 1995 
(underlined) dictates the 
binding of the particular 
electron donor as NADH. 
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longer fully inhibited by NIP (Douglas et al., 1995). Within another region of the domain, 
two cysteines, C-169 and C-223, are involved in binding the molybdenum cofactor 
(Neame and Barber, 1989). The first cysteine has an invariant alanine adjacent to it; a 
single nucleotide substitution ( nia 1-1) that converts this alanine to a threonine in 
Arabidopsis causes a severe disruption of NR activity. Another cysteine, C-408, lies 
within a well-conserved region and is involved in an interchain disulfide bond that 
connects the two NR subunits. 
When compared to iNR2, BCNR-A has nine differences to the nucleotide 
sequence in the MoCo domain. The first few differences (Table 5: No. 1, 2, and 3) are 
nucleotide substitutions that occur in non-sensitive regions and, in two instances, do not 
difference the amino acid code. The next difference (Table 5: No. 4) is a deletion of a G 
nucleotide, which disturbs the possible ORF. Shortly afterwards, an addition of a G 
nucleotide (Table 5: No. 5) re-establishes the proper ORF and causes only one amino acid 
difference. Three silent substitution differences also occur (Table 5: No. 6, 7, and 8). The 
last difference in the MoCo domain (Table 5: No. 9) has the potential to affect the site 
involved in interchain disulfide bond formation, but the replacement of a leucine by a 
phenylalanine is not deleterious. Phenylalanine is actually a more conserved residue; it is 
found in birch, Arabidopsis, tobacco, spinach, squash, and rice (Friemann et al., 1991). 
Interestingly, phenylalanine is also seen in the probe JPSNR3. 
The hinge regions have much less-conserved sequences since they are not coding 
for catalytic parts of the protein and are thus much less dependent on three-dimensional 
structure. However, there are residues of importance located in hinge regions. For 
63 
instance, after the incubation of purified spinach NR with trypsin, two stable products 
were found: one containing the MoCo domain and the other containing the heme and FAD 
domains (Kubo et al., 1988). Using Edman degradation, an arginine residue in the hinge I 
region was identified as the cleavage site in spinach (Shiraishi et al., 1991), although lysine 
residues were also found in Arabidopsis and tobacco. The hinge 1 region also contains a 
major phosphorylation site in the form of a serine residue; when phosphorylated, it 
allowed spinach NR to be inhibited by NIP (Douglas et al., 1995). In addition, a large 
number of hydroxyls surround this phosphorylation site. 
The heme domain shares significant identity with cytochrome b5 and 13 residues 
are conserved in this superfamily. Two histidines, H-552 and H-575, form ligands with 
heme, when one of these residues was changed to an asparagine in tobacco, the mutants 
incorporated heme with a lower stoichiometry. 
The hinge 2 region also contains a proteolytic site. After incubation of a 
trypsinized heme/FAD product of spinach NR with Staphylococcus aureus VS protease, 
two stable products were observed: one containing the heme domain and the other the 
FAD domain (Kubo et al., 1988). Glutamic acid was identified as the protease site by the 
Edman degradation of proteolysed fragments (Shiraishi et al., 1991). There are no 
differences between iNR2 and BCNR-A in either the heme domain or the hinge regions. 
Although consensus sequences are more variable in the FAD domain when 
compared to the other domains, the FAD domain has been studied in some detail in order 
to focus on its relationship with the participating reductant. For example, amino acids R-
686 and K-705 are both required for the NADH binding site. Mutagenesis experiments 
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conducted by Gonzcilez et al. (1995) illustrated that their replacement led to a decrease in 
FAD binding. Hyde et al. (1991) performed a multiple alignment of NR and related 
flavoenzymes to note invariant residues and predict their secondary structure based on 
comparison with structural models of enzymes and proteins with known structures. 
Several loosely conserved sequences were discovered. Another sequence of particular 
importance is CGPPPMI. The number of prolines present here dictates the type of 
electron donor that is involved in the reduction reaction. Generally, NADPH NRs retain 
the first proline. Most bispecific NRs have two prolines in the first two positions, while 
three successive prolines dictates the binding of NADH. 
BCNR-A has eight nucleotide differences in the FAD domain when compared with 
iNR2. The first difference in the region (Table 5: No. 10) occurs in a non-sensitive area 
and the amino acid difference is notable only in that it is the same residue seen in JPSNR3, 
as is the case with the difference following it. The next difference in this region (Table 5: 
No. 11) is the deletion of a G, which again disturbs the ORF but is immediately followed 
by the addition of a C nucleotide (Table 5: No. 12) that re-establishes the correct ORF. 
These two differences occur in the area involved in FAD secondary structure that binds 
FAD, but the resulting amino acid alteration poses no threat to its possible formation. In 
fact, the replacement is a residue that is more conserved among birch, Arabidopsis, 
tobacco, squash, rice (Friemann et al., 1991) and human cytochrome b5 reductase (Hyde 
et al., 1991). Two more differences (Table 5: No. 13 and 14) alter the amino acid 
sequence as well, but do so in non-vital areas. Another difference (Table 5: No. 15) is 
seen in an area that participates in FAD secondary structure, but this time the region is 
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involved in binding the e- donor. Again, the substitution here is also a more conserved 
residue and is seen in all of the plant species mentioned previously. The last two 
differences (Table 5: No. 16 and 17) exist in non-sensitive areas of the FAD region. One 
is a substitution while the other is not. 
The BCNR-A clone has the two residues, R-686 and K-705, required for NADH 
binding, as well as the three prolines, P-864 - P-866, that dictate NADH specificity. An 
absence of stop codons suggests that BCNR-A could yield a functional transcript, despite 
all of the differences noted. Seven of these differences cause no resulting amino acid 
substitutions and among the nine that do, the replacement residues do not disrupt the 
possible structural or functional properties in a putative protein product. The are no 
added or deleted residues in BCNR-A when compared to iNR2. Two differences cause a 
frame-shift in the ORF; however, the ORF is re-established by two other differences that 
occur within a short distance of them (in one instance both differences might occur within 
the same codon) (Figure 20). These differences are not necessarily the result of 
retrosequence formation. Another cause of these differences might be a previous gene 
duplication event, which does not exclude the formation of a retrosequence some time 
afterward. This sequence also allows for the speculation of the number of soybean genes 
encoding NR. If 4 mutations changed the ORF of this sequence, then there must have 
been a point in time when a functional transcript could not be formed from BCNR-A and 
at least one additional gene must have been functioning to allow the organism to survive. 
Even if selective pressure allowed BCNR-A to become functional again, it could not be 
the only active NR gene. The results of Wu et al. (1995) also suggest that the structure of 
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the soybean genome may be more complex than just one gene per NR isoform. After 
digestion of wild-type and mutant soybean genomes, a Southern hybridization was 
performed using the 5, N-terminal regions (the most variable sections) of the clones as 
probes. The multiple signals seen for iNRl and the single signal seen for iNR2 led these 
investigators to conclude that iNRl was encoded by a multiple gene family and iNR2 was 
a single gene. BCNR clones differ significantly in both the number of restriction sites and 
the size of PCR products from another iNR2 clone, designated PL-1, also isolated in our 
laboratory (Chavariat, unpublished data). While BCNR might represent a 
retropseudogene, PL 1 might represent the wild-type gene. In contrast, constitutive forms 
ofNR have been suggested to be encoded by a single gene (Ryan et al., 1983). 
iNR2 (379) GTC ccfB CCG GCC CGC TGG GAG GAC TGG ( 405) 
(127) V P P A R W E D W (135) 
BCNR-A (379) GTC CCC tjGG QFC CGC TGG GAG GAC TGG (405) 
(127) V P R A R W E D W (135) 




BCNR-A (1981) GAC GDACCTA 

























Figure 20. A comparison of two regions of ORFs from iNR2 and BCNR-A. The red 
boxes in iNR2 indicate the nucleotide deleted in BCNR-A. The blue boxes in BCNR-A 
indicate the area in which a nucleotide was added. Position numbers correspond to those 
presented in Figures 18 and 19. 
The preservation of these elements supports the belief that this clone might encode a 
protein that is capable of attaining similar secondary structures, binding similar substrates, 
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and possessing similar target sites for other modifying enzymes. In fact, assuming that the 
MAASV consensus sequence is also present upstream, no major NR amino acid feature 
cited in the current literature is absent from BCNR-A There are many other single 
conserved residues (Calza et al., 1987), but it is questionable whether they contribute 
significantly to major protein functions. 
Assuming that BCNR-A is, in fact, a retrosequence, the question then becomes 
whether or not it is expressed. The fact that possible ORF has, so far, remained intact 
despite two separate opportunities to remain non-functional is uncommon in 
retropseudogenes. JPSNRJ was reverse-transcribed from soybean mRNA, which means 
that it represents a gene sequence that is expressed. Three of the differences in BCNR-A 
produce amino acids that are found in JPSNRJ but not iNR2. This would suggest that 
JPSNR3 might have been isolated from the expressed retropseudogene BCNR-A 
However, amino acids 628 and 694 in JPSNR3 are different from the shared residues seen 
in BCNR-A and iNR2 (628 is a T and 694 is an A). It can be argued that the process of 
reverse transcription introduced errors, especially since 694 is the last amino acid in 
JPSNRJ, but such a slight increase in identity with JPSNRJ over iNR2 is not a convincing 
indicator of gene expression. 
BCNR-A was identified as NADH:NR (E.C. 1.6.6.1) and contains one exon and 
no introns. The clone is 2625 bp in size, has the potential to encode, in linear order, an 
875 amino acid polypeptide with a MW of 98,344 kDa (with the addition of the 14 
upstream residues and the 2 downstream residues from Wu et al., the complete 2673 bp 
sequence would encode an 891 amino acid polypeptide with a MW of 100,014 kDa). It is 
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99% identical to the published sequence iNR2 at both the nucleotide and amino acid 
levels. Future studies ofBCNR clones will undoubtedly entail acquiring the upstream and 
downstream sequences. Subcloning the sequence of interest is the logical first step in this 
process. Table 7 lists the consensus sequences that would most likely be seen ifBCNR-A 
is a wild-type gene containing a large exon. However, if features such as a reverse-
transcribed poly A tail or the short direct repeats seen in transposed DNA were observed, 
it would support the idea that BCNR-A is a retrosequence. 
The ultimate objective of this work remains the increase in synthesis of NR. 
However, it is important to note that future attempts to up-regulate the gene via multiple 
copies of specific regions may be impeded by the phenomenon of co-suppression. At 
times, the presence of an additional gene leads not to an increase in the expression of the 
gene, but rather to an inactivation of both it and the endogenous gene. This gene silencing 
was seen in both the Nia genes (encoding NR) and the Nii genes (encoding NiR) of 
tobacco plants (Vaucheret et al., 1995). Unfortunately, the mechanism of co-suppression 
is too poorly understood at this time to predict its influence on an altered nitrate 
assimilation pathway. 
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position nucleotide seauence sie:nificance reference 
not AT7 A(C/G)TCA This 5' sequence is necessary for nitrate- Hwang et al., 1997 
seen deoendent transcriotion. 
not CATATITATA In bean and spinach promoters, this is a Tamura et al., 1997 
seen characteristic seauence. Jensen et al., 1994 
not GATA Many light-regulated genes contain this Teakle and Kay, 1995 
seen conserved DNA-binding sequence. It is Tamura et al., 1997 
also an essential ci s element in the 
promoters or enhancers of other plant genes 
such as cab, rbcs, and NIT-2. NIT-2 is a 
trans-acting regulatory protein that 
switches on the expression of genes in the 
nitrogen assimilation pathway in 
Neurospora crassa. 
not CAAT This sequence is thought to modulate the Jensen et al., 1994 
seen levels of transcription in animal genes. 
not TATA In eukaryotic cells, initiation of Jensen et al., 1994 
seen transcription requires recognition of this 
site bv RNA polymerase Il. 
not GA-rich region This untranslated leader region has been Vaucheret et al., 
seen postulated to form part of a hairpin 1989b 
structure that overlaps the translation Wilkinson and 
initiation site. Crawford, 1991 
not CA These nucleotides are at a position optimal Jensen et al., 1994 
seen for plant gene translation. 
not seen ATG This is the translation initiation codon. Wu et al., 1995 
not GC These nucleotides are at a position optimal Jensen et al., 1994 
seen for plant eene translation. 
not G:GTandAG: The splice sites at intron boundaries are Daniel-Vedele et al., 
seen conserved. These sequences are presumed 1989 
to play a role in the specific splicing of 
plant introns. 
not TAG This is an amber translation termination Wu et al., 1995 
seen codon. 
not (TA)n Located in the 3' untranslated region, this Vaucheret et al., 
seen repeated motif is related to the rate of l989b 
degradation of the mRNA 
not AATAAA This hexanucleotide is found IO - 30 Daniel-Vedele et al., 
seen nucleotides upstream to the polyadenylation 1989 
site in both plant and animal genes. It is Hoff et al., 1991 
considered to be a polyadenylation sij?Jlll}. 
Table 7. Nucleotide consensus sequences found in higher plant NRs, which are believed 
to have essential structural and functional properties. Within the coding sequence, 
nucleotides are listed as they appear in Wu et al ( 1995); in the upstream and downstream 
regions, sequences are listed as they appear in the literature. 
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